Abstract Fish skin, a by-product from fish processing industries, still contains a significant amount of protein-rich material. Gelatin was extracted from Nile tilapia skin with the yield 20.77±0.80 % wet weight. Gelatin was then separately hydrolyzed by proteases, including bromelain, papain, trypsin, flavourzyme, alcalase and neutrase. Low molecular weight gelatin hydrolysate (<10 kDa) has a great potential as an antioxidant agent. Flavourzyme hydrolysate has potent activity on ABTS radical scavenging (1,413.61±88.74 μg trolox/ mg protein) and also inhibits the oxidation of linoleic acid at a high level (59.74±16.57 % inhibition). The greatest reducing power is in alcalase hydrolysate (4.951±1.577 mM trolox/mg protein). While, bromelain hydrolysate has the highest ferrous ion chelating activity (86.895±0.061 %). Evaluation of the angiotensin-I-converting enzyme's inhibitory activity indicates that all hydrolysates have great potency as an antihypertensive agent. All studied tilapia skin gelatin hydrolysates contain potent antioxidant and anti-hypertensive effects.
Introduction
Hypertension or high blood pressure, a serious condition of cardiovascular disease, becomes a common health problem in the world (Zhou et al. 2013) . It is estimated that one third of the Western population suffers from this condition (Hernández-Ledesma et al. 2011) . Hypertension is also associated with myocardial infarction, coronary heart disease, stroke, kidney failure, heart failure and vascular dementia (Sharp et al. 2011 ). The vital system that controls blood pressure is the renin-angiotensin system (RAS). In this system, the main regulators are renin and an angiotensin-Iconverting enzyme (ACE) (Fernández-Musoles et al. 2013; He et al. 2013 ). Many researchers have studied the enzymatic hydrolysates of various marine by-products for their antihypertensive activity, such as Hoki skin (Mendis et al. 2005) , squid skin (Alemán et al. 2011b) and Pacific cod skin (Himaya et al. 2012) .
Nile tilapia, Oreochromis niloticus, is one of the popular species grown in freshwater aquaculture. Hence, the demand of tilapia in all forms is increasing dramatically in the global market (Fitzsimmons 2004) . The main tilapia producers in Asia are China, the Philippines, Thailand and Taiwan (ElSayed 2006) . However, the more tilapia processing industries increase, the more by-products are produced. More than 60 % of the by-products generated from fish processing industry are waste. This includes skin, head, fins and bones (Dekkers et al. 2011 ) and these by-products still contain a significant amount of protein-rich material (Hsu 2010) . Fish skin is a rich source of collagen and gelatin. After being heated to 45°C or higher, collagen can convert to gelatin (Gόmez-Guillén et al. 2011) . Enzymatic hydrolysis of fish gelatin results in production of bioactive peptides without organic solvents or toxic chemical residuals (Vercruysse et al. 2005) . These peptides commonly consist of 2-20 amino acids. The composition and structure also affect their bioactivity, including their inhibitory effect against angiotensin-I-converting enzymes (ACE) and their antioxidant, immunomodulatory and antimicrobial activities (Raghavan and Kristinsson 2009; Thiansilakul et al. 2007; Zhang et al. 2008) .
This study focused on comparison of antioxidant and antihypertensive activities of bioactive peptides prepared from tilapia skin gelatin that was hydrolyzed by different proteases.
Materials and methods

Materials
Nile tilapia (Oreochromis niloticus) skin was obtained from a farm under Charoen Pokphand Group in Doi Tao district, Chiang Mai, Thailand. Alcalase (30079), bromelain (B4882), papain (P4762), flavourzyme, protease from Aspergillus oryzae (P6110), neutrase, protease from Bacillus amyloliquifaciems (P1236), trypsin (T8003), ACE from rabbit lung (A6778) and hippuryl-histidyl-leucine (859052), as a substrate of ACE, were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Other reagents used in this study were of standard laboratory grade.
Gelatin extraction and hydrolysis
The tilapia skin was washed with tap water and then cut into small squares (1×1 cm) by knife. The gelatin extraction method was slightly modified from that of Songchotikunpan et al. (2008) . To remove noncollagenous proteins, the small pieces of tilapia skin were soaked in 0.8 M NaOH, with the skin:solution ratio of 1:7 (w/v), for 2 h. This solution was changed when it became dark. These alkaline treated skins were then washed with tap water approximately 1 h. The treated skins were then soaked in 0.5 % (v/v) HCl for 1 h, with the skin:solution ratio of 1:7 (w/v), and then washed with tap water until a neutral pH of the wash water was obtained. Gelatin was extracted from washed fish skins added with distilled water (1:2w/v) by heating at 60°C for 1.5 h. The resulting gelatin solution was then filtered through double layer cheese cloth and lyophilized. The freeze-dried gelatin was dissolved in 0.1 M sodium phosphate buffer and hydrolyzed separately by six different protease enzymes under the previously reported conditions: alcalase (pH 7.0, 50°C), bromelain (pH 7.0, 55°C), flavourzyme (pH 7.0, 50°C), neutrase (pH 8.0, 50°C), papain (pH 6.0, 37°C) and trypsin (pH 8.0, 37°C) (Song et al. 2008; Zhao et al. 2009; Alemán et al. 2011a; Li-Chan et al. 2012) . The ratio for the enzyme:substrate was 1:100 (w/w). After incubation for 4 h, the mixtures were boiled for 10 min to deactivate the enzymes and determined their degree of hydrolysis (DH).
Determination of degree of hydrolysis
The DH of each hydrolysate was determined by the Benjakul and Morrissey (1997) method. A 0.2125 M phosphate buffer (2.0 mL, pH 8.2) was mixed with aliquot of each sample (125 μL), followed by a 0.01 % 2,4,6-Trinitrobenzenesulfonic acid (TNBS) solution (1.0 mL). The mixtures were incubated at 50°C for 30 min in the dark and 0.1 M sodium sulfite (2.0 mL) was added to stop the reaction. Then, the mixtures were cooled for 15 min. Absorbance was measured at 420 nm using a spectrophotometer (Genesys 20, Thermo Fischer Scientific, Massachusetts, United States).
Fractionation of gelatin hydrolysate
Gelatin hydrolysate was fractionated by using Amicon® Ultra-15 centrifugal filter devices with MWCO 10,000 Da. These devices were centrifuged at 3,000×g for 30 min and the filtrates were collected to determine their antioxidant and antihypertensive activities.
Determination of antioxidant activities
ABTS radical scavenging assay
This assay is based on the reduction of the 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid), ABTS, radical cation by antioxidants (Arts et al. 2004) . Briefly, 7 mM of ABTS solution was mixed with 2.45 mM potassium persulfate in the ratio of 1:1 (v/v) and kept in the dark for 16-19 h. The ABTSṡ olution was then diluted with Milli-Q water to give an A 734 around 0.700±0.200 before further use. Then, 980 μL of ABTS˙was added to 20 μL of sample and left at room temperature for 10 min in the dark. The absorbance was measured at 734 nm.
Ferric reducing antioxidant power (FRAP) assay
The FRAP method was slightly modified from that described by Griffin and Bhagooli (2004) . The working FRAP reagent was freshly prepared by mixing 10 mM 2,4,6-tripyridyl-striazine (TPTZ), FeCl 2 and 300 mM acetate buffer pH 3.6 in the ratio of 1:1:10 and incubated at 37°C for 30 min. Sample (100 μL) was mixed with 900 μL of FRAP reagent and kept in the dark for 10 min. The absorbance was measured at 593 nm.
Ferrous ion chelating activity assay
The principle of this method is based on the ability of test samples to trap the Fe 2+ ion. This assay was slightly modified from the method described by Benjakul et al. (2005) . A 200 μL sample was mixed with 800 μL of distilled water and then 100 μL of 20 mM FeSO 4 and 200 μL of 5 mM ferrozine were added. After leaving at room temperature for 20 min, the ferrous ion-ferrozine complex formed was measured the absorbance at 562 nm. The chelating activity percentage was calculated from this formula:
Inhibition of lipid peroxidation in linoleic acid system
This method was slightly modified from that of Yang et al. (2009) . The system mixture was composed of 0.5 mL of sample, 2.5 mL of 2 mg/mL linoleic acid in absolute ethanol, and 2 mL of 0.2 M potassium phosphate buffer pH 7.0. The mixture was incubated at 37°C for 5 days in the dark. After that, 0.1 mL aliquot was added to 4.7 mL of 75 % ethanol and followed by 0.1 mL of 30 % ammonium thiocyanate and 0.1 mL of 20 mM FeCl 2 . The absorbance was measured at 500 nm after 3 min, and the inhibition percentage was calculated using the following formula:
Measurement of ACE inhibitory activity
The ACE inhibitory activity was evaluated by the modified method of Park et al. (2003) . A solution containing the sample and 25 mU/mL ACE (50 μL each) was pre-incubated at 37°C for 10 min. Then 100 μL of substrate (6 mM hippuryl-histidyl-leucine (HHL) in 50 mM Tris with 300 mM NaCl) was added and incubated further for 30 min. HCl (1.0 M, 200 μL) was added to stop reaction. Ethyl acetate (600 μL) was added to extract hippuric acid, followed by centrifugation at 4,000×g for 15 min. The supernatant (200 μL) was transferred to a test tube and evaporated at 95°C to remove the ethyl acetate. Distilled water (1.0 mL) was added to dissolve the hippuric acid and the absorbance was determined at 228 nm using a UV/VIS spectrophotometer (Lambda25, Perkin Elmer, Massachusetts, United States). The ACE inhibition was calculated from this equation:
Statistical analysis
All data are averages of triplicates. Standard deviation was also calculated. Significant differences (p<0.05) were calculated using the SPSS statistic program (Version 17.0) with one-way ANOVA analysis.
Results and discussions
Gelatin extraction and degree of hydrolysis
The yield of tilapia skin gelatin was 20.77±0.80 % wet weight basis which was higher than that previously reported by Zhuang and Sun (2011) . Six proteases, alcalase, bromelain, flavourzyme, neutrase, papain and trypsin, were chosen to hydrolyze the gelatin. After 4 h of hydrolysis, the highest DH was observed in papain (59.55±0.014 %) followed by flavourzyme (56.61± 0.011 %), bromelain (50.59±0.024 %), and trypsin (44.55± 0.010 %). The hydrolysates from neutrase and alcalase had the lowest DH among the six hydrolysates, these being 15.71±0.016 and 16.05±0.014 %, respectively. Ovissipour et al. (2013) reported the DH of hydrolyzed proteins from a whole anchovy sprat (Clupeonella engrauliformis) with alcalase, flavourzyme, papain and bromelain. Those were 55.8±0.56, 30.5±2.1, 49.74± 2.6 and 43.05±2.7 %, respectively. The difference of DH for each enzyme may result from the different amino acid sequences of gelatin in tilapia skin and anchovy sprat.
Antioxidant activities of each hydrolysate
Each hydrolysate fraction (MW<10 kDa) was tested for its antioxidant activities by ABTS, lipid peroxidation methods, FRAP, and ferrous ion chelating. These four methods form two groups on the basis of their oxidizing reagents: organic radical producers (ABTS and Lipid peroxidation) and metal ions (FRAP and ferrous ion chelating). Another difference among these tests is the reaction procedure. Lipid peroxidation assay determines the delay of radical generation, as well as the radical scavenging ability. The other three assays analyze the ability to reduce radical cations or ferric ions. For ABTS, the highest activity occurred in flavourzyme, and trypsin. Papain and neutrase had the lowest ABTS activity. No ABTS activity was observed in the alcalase hydrolysate within 10 min (Table 1) . Alemán et al. (2011a, b) determined the antioxidant activity of squid and tuna skin hydrolysates and found that the ABTS activity decreased in the case of alcalase, collagenase, trypsin and pepsin hydrolysates of both squid and tuna. Ovissipour et al. (2013) reported that the whole anchovy sprat protein hydrolysate with alcalase had the greatest ABTS activity, while flavourzyme showed the lowest activity among all hydrolysates. This difference may arise from the different DH of alcalase in each study and from the different starting materials. In our study, alcalase hydrolysate from tilapia skin had a DH of 16.05±0.014 % compared to those of alcalase hydrolysate from squid and anchovy sprat, which were 30.9±0.6 and 55.8±0.56 %, respectively (Alemán et al. 2011a; Ovissipour et al. 2013 ).
In the linoleic acid model system, the hydrolysates that exhibited more than 50 % lipid peroxidation inhibition were flavourzyme (59.74±16.57 %), trypsin (56.71±7.16 %), and bromelain (56.61±13.26 %), which were not significantly different (p>0.05) from the positive control, 4 mM trolox (70.30±7.27 %). While, alcalase and neutrase hydrolysates had low levels of inhibiting activity (less than 50 %). The inhibition of non-hydrolyzed gelatin was 7.12±4.18 %. Yang et al. (2009) reported that tilapia retorted skin gelatin hydrolysate could reduce the peroxidation rates of linoleic acid and had an inhibitory effect on lipid peroxidation (77.3 %) similar to 10 ppm BHA.
Iron is an important ion because it has an ability to generate free radicals from Fenton reaction. Fenton reaction is the reaction between ferrous salts and peroxides that produce hydroxyl radicals. The attack of hydroxyl radicals can result in an initiation of lipid peroxidation in human body. Minimization of the Fe 2+ concentration in the Fenton reaction provides protection against oxidative damage (Borah et al. 2011) . FRAP and ferrous ion chelating results are presented in Table 2 . In the FRAP assay, the highest reducing power was observed from alcalase hydrolysate and the lowest was noticed in bromelain. Non-hydrolyzed gelatin was negligible in reducing FRAP reagent. In Arca subcrenata case, the neutrase hydrolysate displayed the most reductive ability and alcalase was the second best (Song et al. 2008) . Alemán et al. (2011b) reported that the highest FRAP values occurred in squid skin gelatin hydrolyzed with alcalase and in tuna skin gelatin hydrolyzed with trypsin. Conversely, anchovy sprat hydrolysate prepared by bromelain exhibited the highest reducing power and the bottom three was observed in flavourzyme, alcalase and papain hydrolysates, respectively (Ovissipour et al. 2013) .
All gelatin hydrolysates manifested the great ferrous chelation, being higher than 75 %. However, the papain hydrolysate having only 15.783 ± 0.016 % of ferrous chelation (p<0.05). In whole anchovy sprat hydrolysates, the maximum percentage occurred in bromelain hydrolysate (52.5±1.0 %), followed by those in papain (51.1±1.2 %), promod (48.1± 1.4 %), alcalase (40.4±1.4 %), protamax (30.9±0.8 %), and flavourzyme (19.9±1.0 %) (Ovissipour et al. 2013) .
These results suggested that hydrolysates catalyzed by different enzymes exhibited distinct levels of antioxidant activity. These different levels of antioxidant activity may contribute from the amino acid sequences in the gelatin peptides. The bioactive mechanisms of such peptides are not well understood and only a few studies have been made concerning the structure-activity relationship (Schmelzer et al. 2007 , Hernández-Ledesma et al. 2011 ). Some studies have indicated which protease should be chosen to produce the desired fragment according to the effect required (Tavano 2013 ). In addition, most researchers agree that the presence of different amino acids in the peptides play an important role in the antioxidant properties, so that no single antioxidant mechanism can represent the overall antioxidant activity of the peptides. For instance, hydrophobic amino acid-rich peptides are expected to inhibit lipid peroxidation, acting as proton donors to the hydrophobic peroxyl radicals and as metal ion chelators. In this sense, peptides containing histidine in their sequences have been reported to act as metal ion chelators, perhaps because of their ring structure characteristic (Alemán et al. 2011b ).
Antihypertensive effect of gelatin hydrolysates
The gelatin hydrolysates were evaluated for their antihypertensive activity. All hydrolysates exhibited great antihypertensive activity, ranging from 89.02-92.55 % (Fig. 1) . The inhibition percentages of the six enzyme hydrolysates were not statistically different. No inhibition activity was noticed in non-hydrolyzed gelatin. It was previously reported that hydrolysate from squid skin gelatin and porcine skin collagen could effectively lower blood pressure in vivo (Ichimaru et al. 2009; Lin et al. 2012) . Zhao et al. (2009) hydrolyzed sea cucumber body wall protein sequentially with bromelain and alcalase and found that protein hydrolysate with a molecular weight lower than 2 kDa had high ACE inhibition activity. Vo et al. (2011) evaluated the ACE inhibitory activities of Nile tilapia gelatin using alcalase, pronase E, pepsin and trypsin. High ACE inhibitory activity also occurred in the alcalase hydrolysate, being higher than other specific (pepsin and trypsin) and nonspecific (pronase E) proteases. Tavano (2013) suggested that peptides that possess an ACE inhibitory effect usually are small fragments composed of 2 to 12 amino acids. Many studies indicate that tripeptide residues are an essential part of competitive binding at the active site of ACE. In addition, the hydrophobic, or positively charged, amino acids at Cterminal are commonly found in the most effective ACE inhibitory peptides. In this context, this helps explaining why anti-hypertensive peptide production is usually prepared by pepsin or trypsin hydrolysis. Pepsin favors the cleavage between hydrophobic residues, whereas, Argand Lys-cleavage generally occur with trypsin hydrolysis. However, the mechanisms involved in the ACE inhibitory effect should be further investigated.
Conclusion
The results of this study suggest that trypsin and flavourzyme hydrolysate with a molecular weight lower than 10 kDa has potent ACE inhibitory activity and is a potent antioxidative agent. Bromelain, flavourzyme and trypsin hydrolysates exhibited great antioxidant properties in all assays. Both trypsin and flavourzyme hydrolysates have great anti-hypertensive activity. The gelatin hydrolysate from tilapia skin could be useful as a potential functional anti-hypertensive agent. Nevertheless, the structure of tilapia skin peptides must be studied further for elucidating their effects on anti-hypertensive activity.
